Extraction equilibrium formulations were established for the distribution of nickel, cobalt and sodium between nheptane and xylene containing 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester ((LH)2) and 5 x 102 mol/m3
Introduction
Since the successful commercial application of hydroxyoximechelating extractants for copper recovery from acidic leach liquor in the mid-1960s, the liquidliquid extraction of metals has gained increasing importance in general hydrometallurgical processing as well as in nuclear fuel reprocessing.
The metal which excites most interest after copper is probably nickel, and a number of investigations have been published for the extraction of nickel and its separation from cobalt. These were reviewed and discussed by Flett and Spink,7) Murayama19) and Warshawsky.29) For the separation of nickel and cobalt, there are two processes, one using chloride solution and the other an acidic sulphate or nitrate solution. In the first case, cobalt is extracted, with the nickel being retained in the raffinate, using a long-chain alkylamine in a concentrated solution of chloride. Only cobalt is able to form a stable anionic chlorocomplex, and this enables the separation to be satisfactorily achieved. In the second case, acidic reagents and chelating reagents have been proposed as possible extractants, for ex- A systematic study of the equilibrium formulation of each metal, diluent and modifier effect, separation factor for the metals and the kinetic behaviour is needed in order to obtain a reasonably complete picture of the separation and purification of the metals in this extraction system. In addition,
information about high fractional conversion of the reagent to the metal complexis also required to achieve the practical commercial operating conditions. In the present work, as a first step, measurements have been madeof the extraction equilibrium performance for nickel, cobalt and sodium. The mechanism of the extraction system can then be deduced and compared with that of the previous HDEHP extraction system.15) The range of conversion of the extractant to the metal complex in the organic phase has been extended to high values.
1. Experiments
Reagents
The reagent, EHPNA, kindly supplied by Daihachi Chemicals Ind. Co., Ltd., Japan, having a purity of 95%, was further purified by precipitation as a copper complex from ether solution, following the procedure developed for purification of HDEHPby Partridge and Jensen.21) All inorganic chemicals and the diluents,^-heptane and xylene, were supplied by Wako Chemical Ltd. as analytically pure reagent grade, nHeptane and water were purified by simple distillation.
The aqueous metal nitrate solutions were prepared by dissolving metal nitrate in distilled water, to which 5x 102 mol/m3 (Na, H)NO3 had been added. The organic solutions were prepared by diluting EHPNA in a diluent. The distribution ratio of metal is given by
which leads to
The 
Co2* +2(LH)2^CoL2(LH)2+2H+
(4)
These equations are identical to those obtained in the HDEHP extraction system,15) with different extraction equilibrium constants. The extraction constants are summarized in Table 1 , togethr with published data.
Several series of runs have been made, where equilibrium organic-phase metal concentration has been varied. The apparent extraction constants obtained on the basis of Eqs. (4) and (5) are plotted against loading ratio in Fig. 3 . The values remain constant up to 0.08 for cobalt and 0.008 for nickel, indicating that single species, CoL2(LH)2 and NiL22(LH)2 respectively, exist over the range of loading ratio less than 0.08 and 0.008.
Extraction equilibria for high loading of the organic phase
An increase in the loading ratio of the organic phase is achieved by raising the aqueous-phase pH formed entirely from EHPNAto give, for example (CoL2)n or (NiL2)n. Some hydroxylated metal species or others containing NO3"group might also be extracted into the organic phase. For simplicity, however, the data considered here were taken in the range of pH less than 5.5 for cobalt and 5.7 for nickel. A sharp increase in the apparent extraction constant is shown in Fig. 3 and may suggest that the number of free dimeric EHPNA molecules associated with each metal starts to decrease below 1 for cobalt and 2 for nickel. To estimate the concentration of EHPNA at extraction equilibrium conditions, the molecular form, or at least the stoichiometric relation between metal and EHPNA, is needed.
The formation of successively larger aggregated species in the organic phase can now be considered. For cobalt, the typical steps are:
Co^+ fCoLJ^LHk
The assumption that the value of KCon (except when cci^^ex.co) is independent of n is used, which meansthat the ratios of concentrations of successively larger metal-EHPNA complexes, y, are constant for all species, i.e. The total concentration of cobalt in the organic^ni,2 phase is expressed as
The total concentration of EHPNA bound in the metal complex can then be expressed as
Combining Eqs. (4), (9) and (10) 
Km>pcannot be expressed by a simple equation. The value of y for each run is estimated using Eq. (17), from which KNUpcan be calculated. The values of KCo>pand KNUpobtained from Eqs. (12), (17) and (18). (8), (10) and (12) and Eqs. (17) and (18) are plotted against the loading ratios in Fig. 4 (19) and for nickel,
where constants with subscript a are the maximum likelihood values of the constants. For constants of the monomericspecies, the values determined in the measurement of the equilibrium data at very low loading ratio shown in Fig. 2 have been used aŝ ex,co,«=7.53xl0-7 and * ,,«,,=1.50x10-nm3/ mol. The values of KCo>p>a and ATNi>Pffl were then determined so as to minimize the sum of squares of residual for all runs. The values thus determined arê co,P,«=1.5x l0-7 and^Ni,Psa=1.5x 10"10 m3/niol for xylene diluent. From this the value of y in each plotted against the loading ratio in Fig. 7 . For nickel species y increases more sharply than for cobalt. The behaviour of the metal-EHPNA complex at high loading ratios of the organic phase can be obtained from the simple scheme proposed.
Extraction equilibrium of sodium
All the working solutions of the aqueous phase contained 5 x 102 mol/m3 sodium nitrate. When the amount of sodium extracted into the organic phase is not negligible compared with that of nickel or cobalt, the change of concentration of EHPNA due to sodium extraction should be taken into account. All the data are plotted in Fig. 8 indicates the absence of interaction betweensodium and nickel or cobalt which may influence the amount of each of the metals extracted. Consequently, the extraction equilibrium relation is expressed as
This formulation is identical to that obtained with HDEHP. The extraction constant is shown in Table  1 , together with some published results for HDEHP. The amounts of nickel, cobalt and sodium extracted into the organic phase are calculated and compared for each run. Cobalt extraction is about two orders of magnitude greater than that of sodium for all runs under the present experimental conditions. The ratio of the amount of nickel extracted to that of sodium is about six at a pH of around 5, and this ratio increases to twenty at a pH of around 5.6. The majority of runs for the high loading ratio of organic phase were carried out at these relatively high pH levels. The contribution of sodium extraction from the reduction in free EHPNA concentration was According to the scheme given by Eqs. (7) and (14), twice as manyhydrogen ions as the metal extracted will be liberated. This increase in hydrogen ion concentration is determined by the difference in pH values of the feed solution and the equilibrated solution, and by the amount of sodium hydroxide which must be added to the feed solution. The results are plotted in Fig. 9 . In the case of cobalt extraction, all the data fall on the diagonal line of slope 1. In the case of nickel, however, the resulting hydrogen ion concentration is twice that represented by the nickel extracted at low nickel values. The difference becomes less as the amount of nickel extracted increases.
Taking account of the effect of sodium extraction, the difference is only 10-20% smaller. It is possibly that the aqueous distribution of the EHPNAand succeed- ing acid dissociation may cause the difference, sine the data were taken at pH values of 5-5. cobalt and nickel with EHPNAare expressed by Eqs (4) and (5), and thus the extracted species an CoL2(LH)2 and NiL22(LH)2, indicating that they an identical to those obtained with HDEHP. These hole for loading ratios of the organic phase less than 0.0£ for cobalt and 0.008 for nickel. The equilibriurr equation for sodium is expressed by Eq. (21) where the complex is NaL(3/2)(LH)2. The resulting extraction constants for these metals are tabulated in Table   1 , together with the published data for HDEHP. Ratios of the extraction constants for HDEHP tc those for EHPNAused here are of the order of 10 foi cobalt, copper and sodium, but increase to the order of 100 for nickel. 2. With increase in loading ratio of the organic phase, successively larger aggregated metal-EHPNA species appear. The equilibrium equations are expressed with Eqs. (7) and (14) and the equilibrium constants are found to be determined as KCop= Oxidation of porous zinc sulfide pellets, composed of fine grains having log-normal size distributions, was carried out using a differential flow reactor under oxygen partial pressure of 1-16 kPa and temperature of 953-ll 13K. The overall conversion rate data were represented by a simple power law rate expression. The reaction order with respect to the solid reactant varied with the standard deviation of the grain size distribution. This variation agreed well with the theoretical prediction by the grain model accounting for grain size distribution. The reaction order with respect to the gaseous reactant was 1/2. The surface rate constant was then found to be correlated in an Arrhenius equation. * =5.56x108e-244/*r (mol1/2/m12 s)
The rate constant agreed well with that for oxidation of sphalerite single crystals by other workers as well as with the rate constant reproduced from the data in the literature on oxidation of porous pelleted zinc sulfide.
Introduction
Gas-solid reactions involving a porous solid are numerous and industrially of great importance. For the interpretation and application of rate data observed in a variety of gas-solid reactions a number of kinetic models have been proposed.
It has been known that the kinetics by which the reaction proceeds dependsentirely on the structure of the solid phase. The kinetic model describing the data is therefore required to reflect somehowthe actual structure of the solid. In this light, the grain modeji6,i8) may ke noteworthy for its simple but practical microscopic structural representation. This model assumes that the porous solid is an ensemble of grains of uniform size. A gaseous reactant diffuses through pores between grains and reacts on the unreacted core Received August 9, 1982. Correspondence concerning this article should be addressed to S. Kimura. VOL 16 NO. 3 1983 formed in each grain. The grain model is expected to be especially applicable when a pellet involved in the reaction is molded using powdered solid reactant by hand rolling, compression, sintering, etc. In the usual situation, however, the grains of the powdered reactant are considered not to be uniform in size but rather to have a size distribution. In such cases the model assuming uniform grain size may not be properly applied. Several workers1'10'15) have predicted by numerical calculation the influence exerted upon the gross behavior by the grain size distribution.
Although they pointed out the differences from the model assuming uniform grains, it was not very simple to apply their results to practical situations.
In this work the oxidation of pelletized zinc sulfide powder is investigated in detail. The rate data are analyzed on the basis of a simple rate equation
derived from a grain model accounting for the grain
